Introduction
Cardiovascular diseases (CVD) account for more than 50% of deaths among patients with end-stage renal disease (ESRD) (1, 2) . Moreover, ESRD patients with diabetes have higher comorbidity and poorer outcomes than nondiabetic ESRD patients (3) . Several studies reported that hemoglobin A1c (HbA1c) level is a prognostic factor in diabetic ESRD patients treated with hemodialysis (HD) (4) (5) (6) . In addition, a recent Canadian study (7) showed that a high proportion of HD patients had inadequate glycemic control, evidenced by HbA1c levels > 7.0%, and had a significantly higher rate of microvascular complications.
Increased aortic stiffness, as assessed by pulse wave velocity (PWV), is an independent poor prognostic factor for CVD and all-cause mortality in patients with ESRD (8, 9) . We recently demonstrated in a cross-sectional study that HbA1c level, HD duration, heart rate (HR), and mean blood pressure are independent determinants of aortic stiffness in HD patients without diabetes (10) . However, it remains unclear whether the determinants of aortic stiffness in ESRD patients vary according to the presence or absence of diabetes, and whether or not aortic stiffness relates to vascular complica-tions in ESRD patients.
We hypothesized that additional information regarding arterial pathophysiology may be obtained by comparing determinants of aortic stiffness between diabetic and nondiabetic ESRD patients.
Methods Study Design and Patients
A total of 292 patients with or without diabetes were placed on HD for > 180 d from June 2003 to December 2006 at Murakami Memorial Hospital. Excluded from the study were patients in a critical state, specifically those with severe cerebrovascular disease (8 cases), severe peripheral arterial occlusive disease with amputated lower extremities and/or active gangrene (5 cases), severe joint deformity due to rheumatoid arthritis (3 cases) or ankylosing spondylitis (1 case), complicating noncontrolled neoplasm (3 cases), decompensated liver cirrhosis (2 cases), severe congestive heart failure (6 cases), and severe anemia with a hematocrit level of less than 25% (3 cases). Also excluded were one patient who changed treatment from HD to peritoneal dialysis and 9 patients who transferred to other institutions. Informed consent was not obtained from another 9 patients. Thus, 242 patients were analyzed. Of these, 85 were diagnosed with diabetes at the start of HD. HbA1c was measured every 3 months in nondiabetic patients. All patients whose HbA1c level exceeded 5.8% received a repeat measurement of blood glucose at 2 h after a meal and/or a 75 g oral glucose tolerance test. These tests identified 9 patients who developed diabetes after the introduction of HD; all 9 were classified into the diabetic group.
Data Collection
The clinical data were collected by chart reviews and interviews. All patients were reviewed for duration of dialysis (months), smoking habit, use of antihypertensive medication, macrovascular complication including coronary artery disease (angina or previous myocardial infarction), and cerebrovascular disease (stroke or transient ischemic attack). Patients with an ankle-brachial blood pressure (BP) index (ABPI: the ratio of ankle to brachial systolic BP) of less than 0.9 were considered positive for peripheral vascular disease. The diabetic patients were also reviewed for duration of diabetes, type of diabetes, diabetes medications (diet-controlled, oral hypoglycemics, and insulin), and microvascular complications including retinopathy, neuropathy, and gastropathy. The cause of ESRD was not identified in each patient, thus diabetic nephropathy was not assumed.
Blood chemistry was determined twice per month before HD, and included measurement of serum creatinine, urea, uric acid, magnesium, calcium, phosphate, sodium, potassium, and chloride, as well as hematocrit. Serum albumin, blood lipids, hypersensitive C-reactive protein (hs-CRP), and β-2-microglobulin were measured once every month. Intact parathyroid hormone (i-PTH) was measured every 3 months. HbA1c assays were performed monthly in diabetic patients and every 3 months in nondiabetic patients using a latex immunoassay. Atrial natriuretic peptide (ANP) was measured before the HD session at midweek, and the cardio-thoracic ratio (CTR) was measured before the HD session on the first day of the week. Volume overload and/or congestion were checked and excluded.
We used annual average blood biochemistry parameters of HD patients for analyses (if the duration of HD was less than 12 months, we used average values from the start of HD to the examination). Moreover, multiple blood samples were taken before HD under nonfasting conditions. Desmeules et al. (11) demonstrated that non-HDL cholesterol levels were equivalent in fasting and nonfasting samples. Indeed, the lipid profile measured in our patients correlated significantly with the overnight-fasting values (total protein: r= 0.552, p< 0.0001; albumin: r= 0.667, p< 0.0001; total cholesterol: r= 0.776, p< 0.0001; triglycerides: r= 0.763, p< 0.0001; HDL cholesterol: r= 0.679, p< 0.0001; low-density lipoprotein [LDL] cholesterol: r= 0.765, p< 0.0001), and they were similar in our cohort. Carotid-to-femoral PWV (cfPWV) was measured by the method of Hasegawa (12) , using a PWV meter (VaSera VS-1000, Fukuda Denshi, Tokyo, Japan) on the morning before the midweek HD with the patient in a supine position after a 5-min bed rest. Pulse waves were recorded by using sensors placed on the skin at the left carotid and right femoral arteries. Heart sounds S1 and S2 were detected by a microphone placed on the right edge of the sternum at the level of the second intercostal space. Electrocardiograms were recorded with electrodes placed on both arms and the right leg. The PWV meter measures the time intervals between pulse waves at the carotid and femoral probes (T), and between S2 and the notch of the carotid pulse wave (Tc). cfPWV was calculated as:
where L is the measured distance between the heart-sound microphone and the femoral probe. The actual distance between the aortic orifice and the femoral site was estimated to be 1.3 × L (12) . T + Tc indicates the time for the pulse wave to travel from the aortic orifice to the femoral artery. PWV increases as a function of diastolic BP (DBP) at the time of measurement in normal subjects (13) . Therefore, the PWV meter automatically reports raw-and BP-standardized PWV values. The latter represents the pressure-independent elastic property of the aorta. The cfPWV was measured for 10 consecutive pulses, and the average was used for analysis. The coefficient of variation of PWV was less than 5%.
The ABPI was determined at the time of the cfPWV measurements using the same device, which simultaneously measures arm and ankle (brachial and posterior tibial) artery BP by oscillometry. ABPI represented the ratio of the lower value of the ankle systolic blood pressure (SBP) divided by the SBP of the arm without vascular access.
Statistical Analysis
Data are presented as means±SD or actual numbers. Bivariate analysis was used to compare diabetic and nondiabetic Data are mean±SD or count (%). ACEI/ARB, angiotensin converting enzyme inhibitor and/or angiotensin receptor 1 blocker; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; HbA1c, hemoglobin A1c.
HD patients. Categorical variables were subjected to the χ 2 or Fisher's exact test, as appropriate. Continuous variables were subjected to an unpaired t-test or Wilcoxon's rank-sum test, as appropriate. The associations between cfPWV and a number of other parameters were assessed using correlation analysis that was appropriate for the normal distribution (Pearson's correlation) or non-normal distribution (Spearman's correlation). Differences in the associations of cfPWV with various parameters were investigated by comparing the slope (β) of the appropriate regression line (y= α + βx) between diabetic and nondiabetic HD patients. Correlations that were significantly below the 10% level were entered in a multiple regression model with cfPWV as the dependent variable to determine the variables that independently predicted cfPWV. A p value less than 0.05 indicated statistical significance. All analyses were performed using a statistical software package (SPSS 11.0 for Windows; SPSS, Chicago, USA). Table 1 summarizes the clinical features of the HD patients. All patients underwent hospital-based HD, with the majority on dialysis for three 4 h sessions per week. Out of the 242 patients registered in this study, 94 were diabetics. There were no significant differences in the male/female ratio, mean age, ratio of current smokers, and body mass index between HD patients with and those without diabetes. The duration of HD was shorter and SBP was higher in HD patients with diabetes than in those without. The cfPWV value was higher, while the ABPI value was lower in diabetic HD patients than in nondiabetics. Blood chemistry analyses showed lower serum concentrations of albumin, calcium, calcium-phosphate product, and i-PTH in diabetic patients, but no difference between groups in the levels of total protein, hematocrit, phosphate, total cholesterol, triglycerides, both LDL and HDL cholesterol, and hs-CRP. A higher proportion of patients with diabetes than without had documented macrovascular complications, especially stroke and peripheral vascular disease. Almost all of the diabetic patients in this study (96.8%) were type 2, with reasonable glycemic control for most (78% of patients had HbA1c levels less than 7.0%). Diabetes duration was 19.0±10.9 years and ranged from 1 to 57 years. Forty patients used insulin and 14 used oral hypoglycemic agents, while 2 patients used both types of medications together. Of the 16 patients using oral hypoglycemic agents, 7 were taking a β-glucosidase inhibitor, 4 were on sulfonylurea, 4 were on pioglitazone, and 1 used both an α-glucosidase inhibitor and sulfonylurea. Because diabetic nephropathy has not been established as the cause of ESRD, it was excluded from the evaluation of microvascular complications, which were identified in 78 patients. Three patients had three types of microvascular complications, 43 patients had 2, and 32 patients had only 1 complication. Sixteen were free of microvascular complications. HbA1c (%) Age (years old) Fig. 3 ). Next, we performed a stepwise multiple regression analysis to further explore the independent impact of cfPWV (Table  3) . SBP (β= 0.356, p< 0.001), HbA1c (β= 0.296, p= 0.001), and duration of diabetes (β= 0.230, p= 0.013) were independent contributors to cfPWV in HD patients with diabetes. In HD patients without diabetes, age (β= 0.440, p< 0.001), duration of HD (β= 0.244, p= 0.002), SBP (β= 0.361, p< 0.001), HR (β= 0.230, p= 0.001), and HbA1c (β= 0.256, p< 0.001) independently contributed to cfPWV.
Results
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Discussion
In this cross-sectional study, we identified differences in contributing factors for cfPWV between HD patients with and those without diabetes. Only SBP and HbA1c contributed to cfPWV in both diabetic and nondiabetic HD patients, while three independent determinants of cfPWV in nondiabetic HD patients-age, duration of HD, and HR-did not contribute to cfPWV in diabetic HD patients. On the other hand, duration of diabetes was an independent determinant of cfPWV in diabetic HD patients. These results suggest that the pathogenesis of arteriosclerosis in HD patients is heterogeneous and is influenced by the presence of diabetes.
Many studies demonstrated that age was a significant determinant of arterial stiffness (14-18), while others found a correlation between aortic stiffness and age in ESRD patients treated with HD (19, 20) . Unexpectedly, diabetic patients in our study showed no correlation between aortic stiffness and age. In addition, there was a significant difference in the rate of aging (β, slope of line) of cfPWV between diabetic and nondiabetic subjects. However, our results are consistent with a previous report that described the loss of the normal ageassociated change in aortic compliance in diabetic patients (21) . Moreover, there was no association between HD duration and cfPWV in HD patients with diabetes, suggesting that these patients already had considerable atherosclerotic deterioration at the initiation of HD and that the diabetic milieu attenuated the effective power of HD duration on aortic stiffness.
HbA1c independently contributed to aortic stiffness in HD patients with and those without diabetes, though the coefficient was higher and p-value was lower in diabetic patients than in nondiabetic patients. We speculated that the distribution of HbA1c in diabetic patients extended over a wider range than in nondiabetic patients, thus HbA1c in diabetic patients had a stronger effect on the increase in aortic stiffness than in nondiabetic patients. As shown in Fig. 2 , the y-intercept in diabetic HD patients was higher than in nondiabetic HD patients, probably suggesting that the increase in HbA1c has a much worse effect on cfPWV in diabetic than nondiabetic patients. Furthermore, the diabetes duration independently contributed to cfPWV in HD patients with diabetes. In a Japanese population-based study, fasting blood glucose and HbA1c correlated with brachial-ankle PWV (baPWV) (22, 23) . Furthermore, the duration of diabetes was an independent risk factor for increased cfPWV in Japanese diabetic patients (24) . Thus, we speculate that the degree and length of exposure to hyperglycemia affect arterial wall stiffness, regardless of the presence or absence of comorbid renal disease. On the other hand, SBP's effect on aortic stiffness is constant in HD patients with or without diabetes. This suggests that, to prevent aortic stiffening, it is important to strictly control blood pressure for both diabetic and nondiabetic HD patients. Our evidence suggests that volume overload likely increases aortic stiffness in diabetic patients, whose cushioning function of large arteries probably decreases more than that of nondiabetic patients, although our result that CTR correlated with cfPWV in nondiabetic, but not in diabetic, HD patients was contrary to our expectation. As a possible explanation of this finding, because of the high prevalence of ischemic coronary disease and/or nonischemic diabetic cardiomyopathy in diabetic patients (25) , the mechanism underlying CTR is more complex in diabetic patients than in nondiabetic patients.
The association of HR and PWV has not been elucidated, although recent studies have reported that HR significantly influences PWV. In the J-TOPP study, HR increased in association with increased baPWV in patients with untreated essential hypertension (14) . The cardiac cycle correlated weakly with cfPWV in healthy subjects, and a weak correlation was also found in ESRD patients (26) . On the other hand, Albaladejo et al. showed that cfPWV increased with HR in males but not in females (27) . In our study, HR was an independent contributor to cfPWV in nondiabetic HD patients, but not in diabetic HD patients. The reason for the lack of such a correlation in our diabetic cohort is not clear at present. However, we speculate that the effect of the degree of glycemia on aortic stiffness was so strong that it counteracted the association between HR and cfPWV. In a similar fashion, serum albumin may have correlated with cfPWV in nondiabetic patients but not in diabetic patients. To our knowledge, only a few studies have evaluated the influence of serum albumin on aortic stiffness in patients with or without ESRD (10, 28) . Further evaluation is necessary to understand this correlation.
The number of macrovascular complications and the prevalence of both coronary artery disease and peripheral artery disease correlated with cfPWV in HD patients without diabetes but not in those with diabetes. It is possible that the cfPWV values in HD patients with diabetes could have changed between the onset of a macrovascular complication and a measurement of cfPWV. Thus, aortic stiffness in HD patients with diabetes may vary more than in HD patients without diabetes, because blood glucose levels fluctuate more broadly in these patients, potentially affecting arterial stiffness. A similar relationship was reported by Koji et al. (29) . These investigators demonstrated that the number of diseased coronary arteries increased significantly with an increase in baPWV in subjects without metabolic syndrome but not in those with metabolic syndrome. They speculated that the metabolic syndrome may directly produce clinically significant atherosclerotic stenosis of coronary arteries independent of an increase in arterial stiffness. The association between the number of microvascular complications and cfPWV in our diabetic patients suggests that both the degree of glycosylation and the duration of exposure to hyperglycemia promote microvasculopathy and reduce aortic compliance.
It will be interesting to learn whether or not arterial stiffness can be improved. A prospective study demonstrated that resolution of the metabolic syndrome was associated with attenuation of the progression of arterial damage (30) . On the other hand, inhibition of the renin-angiotensin-aldosterone axis seems a particularly attractive approach to reducing arterial stiffness (31) (32) (33) . Based on these studies, we predicted that administration of an angiotensin-converting enzyme inhibitor (ACEI) and/or an angiotensin receptor 1 blockade (ARB) could lower cfPWV, although we could not demonstrate that ACEI and/or ARB had a beneficial effect on aortic stiffness in either the diabetic or nondiabetic cohort. Indeed, at our institution, ARB is the first-choice medication for patients with hypertension and/or for patients at high risk for atherosclerotic diseases, although the duration of such treatment varied widely among patients. Thus, we consider that the lack of documentation on the beneficial effect of ARB is a limitation of this cross-sectional study.
In conclusion, high blood glucose level affects aortic stiffness in ESRD patients with diabetes as well as in those without diabetes. In particular, aortic compliance in HD patients with diabetes was susceptible to abnormal glucose metabolism, and this effect negated the influences of the uremic milieu and/or aging. Further studies are necessary to clarify whether or not long-term reinforcement of blood glucose control and/or the inhibition of the renin-angiotensin-aldosterone axis have any real beneficial effect on arterial stiffness in HD patients.
